The aim of this work was to establish the average size of silver halide nanosols. The method applied was based on the optical turbidance measurements in real time of crystallization process. Dilute turbid suspensions of silver bromide, chloride and iodide stabilized by excess of halide ions and gelatin were measured over wavelength range from 450 nm to 600 nm. Experimental results were compared with the scattering theory of Rayleigh. Relation between dosing rate of reactants to dispersion system and size of obtained silver halide crystals was investigated. Interest in crystalline gelatine-stabilised aqueous suspensions of silver halide is due to their application as a substrate for the synthesis of silver nanoparticles.
Introduction
Research into the synthesis of various average silver chloride, bromide and iodine crystals size in sols stabilized by hydrophobic polymers have been undertaken for many years [1] [2] [3] [4] [5] [6] [7] . The size of silver halide (AgHal) crystals are determined by turbidity measurements [8, 9] and electron microscope method. Similar studies on obtaining AgHal suspensions are conducted by our research group [10] [11] [12] [13] . Developed methods for preparation of silver halide sols allow us to receive various size of crystals dependent on the concentration of reactants. Possibility of precipitation of AgHal suspensions using an established mechanism with reactants concentration in range 0.5-2.5 mol/l has been investigated so far.
Depending on the type of silver halide and concentration of reactants various average size of crystals were obtained, for silver chloride from 70 to 200 nm, silver bromide from 60 to 180 nm and silver iodide from 40 to 160 nm, respectively [10] [11] [12] [13] [14] . Relatively large particles of AgHal obtained in the previously examined concentration of reactants did not satisfy the requirements for substrate used in the chemical reduction methods of silver nanoparticles preparation. This observation became the basis for the research into optimal conditions for synthesis of silver halide nanosols, with sizes below 30 nm. The average size of silver halide crystals in these studies was established by turbidity measurements and scattering theory of Rayleigh [15] . Now, by using modern measurement techniques allowing for high speed acquisition of turbidity in the crystallization medium, there is possible direct and continuous control of the nucleation process, the Ostwald recrystallization and crystal growth of silver halide crystals. Simultaneous measurements of turbidity and activity of silver ions (or halogen ions) in the crystallization medium allow to control the preparation process of silver halide nanosols and the final sizes of crystals. The studies on using concentration of reactants 0.1 mol/l have been a starting point for applications received suspensions of silver chloride, bromide and iodide crystals to produce silver nanosols. Interest in methods of preparation of silver nanoparticles by chemical reduction of crystalline suspensions of silver halides was an additional incentive to conduct research into AgHal nanosols (eg. [16, 17] ).
Experiments
Precipitation of silver halide nanosols is based on producing thermodynamically stable crystal seeds of size not larger than 25 nm. Processes of crystallization were prepared in water solutions of gelatin strongly impending silver halide crystals formation (Physical Retardance (PR), PR ≈ 20-60, PAGI method). 100 ml of intensely stirred gelatin solution (5 g/100 ml) was introduced into alternately 10 ml of silver nitrate solution and 10 ml of alkali halide at 0.1 mol/l. The process of precipitation was ended after 10 cycles; a single cycle being the introduction of a single dose of silver nitrate solution and alkali halide solution each. The overall duration of precipitation did not exceed 300 s. Final 300 ml of silver halide crystals suspension was further stabilized by addition of gelatin in an amount ensuring its concentration as 5 g/100 ml. Mechanism of precipitation of silver halide nanosols is described by Fig. 1 .
Earlier research into the influence of concentration and dosing rate of reactants upon the number and the average crystals size allowed us to characterize precipitation of silver halides sols at reactants concentration in range 0.1, 0.5, 1.0, 1.5, 2.0, and 2.5 mol/l [14] . These studies showed that silver halide crystals obtained at reactants concentration 0.1 mol/l have the smallest size (Fig. 2) Fig. 1 . Scheme of preparing of AgBr nanosols. Fig. 2 . Relation between the average size of silver iodide crystals approximated sphere and concentration of reactants used in the synthesis.
and can be applied to the synthesis of silver nanoparticles.
The measurements of turbidity in AgHal crystals suspensions were carried out by high speed acquisition (HSA). For this purpose, there were used USB4000-UV--VIS OceanOptics spectrometer and a transmission fiber probe with an optical length path of 10 mm, which was placed directly in a reactor. Towards the end of the synthesis the suspensions were stabilized by addition of halogen ions to the value of pHal 2.5, 3.5 or 5.0 (for suspensions: AgCl, AgBr and AgI), and by addition of gelatin in an amount ensuring its concentration as 5 g/100 ml. Afterwards the suspensions were cooled to form a permanent gel structure and washed out with cold, clean water to remove excess salts present in the gel.
Results and discussion
Fluctuation in turbidity as optical density during precipitation of silver halides nanosols, evaluated as a function of time of the synthesis can be seen in graphs (Figs. 3-5 ). In the initial stages of the synthesis thermodynamically unstable crystals seeds form, which under alternating, rapid changes in reagents concentrations, dissolve and reform alternately. A consistent increase in turbidity of crystallization mixture, systematically in each dosing cycle, up to the end of synthesis at cycle 10, proves the thesis about uniform growth of AgHal crystals. Fig. 3 . Relation between turbidity as optical density of reactive mixture and duration of silver chloride nanosols synthesis, prepared using reacting substances solution at the concentration of 0.1 mol/l. Dependence was calculated at the wavelengths: 450, 500, 550, and 600 nm. Fig. 4 . Relation between turbidity as optical density of reactive mixture and duration of silver bromide nanosols synthesis, prepared using reacting substances solution at the concentration of 0.1 mol/l. Dependence was calculated at the wavelengths: 450, 500, 550, and 600 nm. Fig. 5 . Relation between turbidity as optical density of reactive mixture and duration of silver iodide nanosols synthesis, prepared using reacting substances solution at the concentration of 0.1 mol/l. Dependence was calculated at the wavelengths: 450, 500, 550, and 600 nm. Based on the scattering theory of Rayleigh, which allows to determine the size of non-absorbing, spherical particles of AgHal, and measured turbidity of crystallization mixture new dependence was prepared, which is presented in Fig. 6 . The smallest crystal size was calculated for the most difficult water-soluble silver iodide (AgI solubility is 9.74 mg/l at 25 
Conclusions
The main aim of the research was to find optimal conditions for synthesis of silver halide nanosols containing the smallest size of particles. The method allows us to obtain crystals of chloride, bromide and silver iodide of size not exceeding 25 nm. Particle size of AgHal allows their use as the substrate for the synthesis of silver nanoparticles, obtained by a slow, controlled chemical reduction. Applied measurement techniques and computational procedures, developed during the studies, give an opportunity to control the process of crystallization of chloride, bromide, and silver iodide nanosols and make a preliminary assessment of their usefulness in the further preparation of silver nanoparticles.
